Astrocytes respond to all forms of CNS insult and disease by becoming reactive, a nonspecific but highly characteristic response that involves various morphological and molecular changes. Probably the most recognized aspect of reactive astrocytes is the formation of a glial scar that impedes axon regeneration. Although the reactive phenotype was first suggested more than 100 years ago based on morphological changes, the remodeling process is not well understood. We know little about the actual structure of a reactive astrocyte, how an astrocyte remodels during the progression of an insult, and how populations of these cells reorganize to form the glial scar. New methods of labeling astrocytes, along with transgenic mice, allow the complete morphology of reactive astrocytes to be visualized. Recent studies show that reactivity can induce a remarkable change in the shape of a single astrocyte, that not all astrocytes react in the same way, and that there is plasticity in the reactive response.
Astrocytes are the most abundant nonneuronal cell type within the brain. They are intimately associated with the surrounding neurons and blood vessels, and their processes envelop all cellular components of the CNS. Progress in our knowledge of astrocytes has lagged our understanding of neuronal morphology and function. The reasons may be that astrocytes have traditionally been thought of as simply filling in the spaces between neurons and that they do not generate action potentials. We have learned much about the functional diversity of neurons with different morphologies, but we are only beginning to discover the complex and diverse roles of astrocytes.
Astrocytes contact blood vessels and make gap junction connections with other astrocytes and oligodendrocytes. They support activities essential for neuronal function, including promoting synapse formation, regulating the extracellular concentrations of ions and neurotransmitters, providing metabolic substrates for neurons, coupling blood flow to neuronal activity, and maintaining the blood-brain barrier (Ullian and others 2001; Simard and Nedergaard 2004; Iadecola and Nedergaard 2007; Pellerin and others 2007; Rouach and others 2008; Robel and others 2011) . Central questions are whether all astrocytes or just specific types share these functions and what the relevance is of these differences to human disease.
Astrocytes alter their morphology in pathological states. While studying brains from patients with multiple sclerosis, Carl Frommann described pathological glial cells in general as larger and having fewer processes compared to normal glia. He also noted that glial cells were still present in areas of fiber degeneration. In 1910, Alois Alzheimer concluded that any type of pathology is accompanied by a glial response. We now know that astrocytes respond to multiple forms of CNS insult (trauma, ischemia, infection, inflammation, neurodegeneration) by becoming "reactive," changing their morphology, physiology, function, and gene expression. This response is graded; depending on the nature and severity of the insult, there is a continuum of progressive alterations.
In this review, we focus on the morphological remodeling of reactive astrocytes. Although the reactive phenotype was first suggested more than 100 years ago based on morphological changes, some simple but fundamental questions remain. What does an individual reactive astrocyte look like? Do all astrocytes remodel in the same way, and do all insults produce the same effect? The ability of reactive astrocytes to remodel and form a glial scar
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The Neuroscientist 18(6) that impedes axon regeneration led to an overall negative connotation of the effects of reactivity. Recent work, however, reveals that they can also play a beneficial role (Sofroniew 2009; Sofroniew and Vinters 2010) . We do not know how a population of these cells reorganizes to form the glial scar. How long do these changes last? We begin by describing the normal morphology and spatial organization of astrocytes in the gray and white matter and then discuss how they remodel after insult.
Morphological and Functional Heterogeneity
From the late 19th century, astrocytes had already been divided into two main subtypes, protoplasmic or fibrous, based on the differences in their morphology and anatomical locations. Protoplasmic astrocytes are located in the gray matter and fibrous astrocytes in the white matter. These two main categories retain their validity and usefulness today. Other morphologically distinct forms of astrocytes that were recognized early are the Müller cells in the retina and Bergmann glia in the cerebellum. Since then, many other less numerous and more regional populations of astrocytes have been described, such as velate astrocytes, perivascular astrocytes, marginal glia, tanycytes, and various forms of ependymal glia (e.g., ependymocytes, choroid plexus cells, and retinal pigment epithelial cells) (Reichenbach and Wolburg 2009 ).
An important implication of this diversity is that we can no longer consider astrocytes as a homogenous group of cells. A function observed in one type of astrocyte may not necessarily be observed in other types. Because of their prevalence, studies have, to date, focused on protoplasmic and fibrous astrocytes, Müller cells, and Bergmann glia. Moreover, these studies are confined to certain regions of the CNS: the cortex, hippocampus, cerebellum, spinal cord, retina, and optic nerve. We still know little about other astrocytes in other regions of the brain.
Much of the morphological diversity of astrocytes is determined by the structural and functional interactions of the astrocyte with its microenvironment, particularly during development, as the processes form specialized contacts with neighboring blood vessels, axons, synapses, the pia, and/or other cell bodies (Sobue and Pleasure 1984; Hatten 1985) . Emsley and Macklis (2006) demonstrated that not only the morphology but also the density and proliferation rates of astrocytes are each factors that can independently define different regions of the brain. Therefore, regional astrocyte heterogeneity may reflect important molecular and functional differences between types of astrocytes, much like the long-accepted heterogeneity of neuronal populations.
Expression of glial fibrillary acidic protein (GFAP) has become the prototypical marker for the immunohistochemical identification of astrocytes within the CNS (Box 1). Its expression pattern differs across the CNS. In the cortex and hippocampus, GFAP labeling of protoplasmic astrocytes reveals the typical star-shaped appearance of astrocytes ( Fig. 1A) and, in the cerebellum, a radial appearance. In the optic nerve, astrocytes are organized so densely that labeling for GFAP simply shows a meshwork of processes, making it impossible to discern their boundaries ( Fig. 1B ). Yet, this is not observed in another white matter region, the corpus callosum. Here, GFAP-labeled astrocytes are well separated from one another and do appear stellate (Fig. 1C ). Similiar to those in the optic nerve, retinal astrocytes labeled with GFAP show no separation ( Fig. 1D ). There are at least four distinct morphologies of GFAP-positive cells within the human and chimpanzee cortex (interlaminar, varicose projecting, protoplasmic, fibrous) ( Fig. 1E -G) compared with two in the rodent (protoplasmic, fibrous). In contrast, the cortex of lower order primates, including the rhesus macaque and squirrel monkeys, contains three subtypes of astrocytes (Oberheim and others 2009 
Immunohistochemistry
Astrocytes can be immunohistochemically labeled by antibodies against their intermediate filaments or cytoplasmic/membrane-bound proteins. Expression of GFAP has become the prototypical marker for the immunohistochemical identification of astrocytes. GFAP was first isolated in high concentrations from old demyelinated plaques of patients with multiple sclerosis and was then found to be associated immunohistochemically with reactive astrocytes in such plaques and in other pathological contexts others 1970, 2000) . Because of its initial identification in disease, elevated expression of GFAP is now regarded as a sensitive and reliable marker of reactive astrocytes that are responding to CNS injuries. The classic characteristic of a reactive astrocyte (e.g., thickening of the cell body and processes) was defined by GFAP labeling. Several other antibodies against intermediate filaments are also commonly used to label normal and reactive astrocytes, such as vimentin and nestin.
Antibodies against GFAP label only the main processes of an astrocyte that contain intermediate filaments. Neither the full length of the main processes or the fine processes are revealed (see figure in this Box). In fact, GFAP delineates only approximately 15% of the total volume of an astrocyte, leaving the true morphology of an astrocyte unseen. Consequently, GFAP immunohistochemistry underestimates the branching pattern and territory of an astrocyte in comparison with other means of detection such as Golgi staining, expression of reporter proteins such as GFP, or filling with fluorescent dyes (Maxwell and Kruger 1965; Connor and Berkowitz 1985; Bushong and others 2002) .
There are other limitations with the use of GFAP. GFAP is not immunohistochemically detectable in all normal astrocytes, its expression exhibiting both regional and local variability. GFAP has a preference for protoplasmic astrocytes, fibrous astrocytes, Bergmann glia, and subependymal astrocytes adjacent to the cerebral ventricles. For example, GFAP is expressed by virtually all Bergmann glial cells in the cerebellum, whereas only about 15% to 20% of astrocytes express GFAP in the cortex and hippocampus. Moreover, GFAP mRNA is predominantly expressed in white matter (Cahoy and others 2008) .
Cytoplasmic or membrane protein markers such as S100 calcium-binding protein β (S100β), glutamine synthetase (GS), or glutamate/aspartate transporter (GLAST) can reveal the fine processes of an astrocyte but may produce a labeling pattern with little separation between neighboring astrocytes. Moreover, some of these markers are not exclusive to astrocytes. Although GLAST is specific for astrocytes (Chaudhry and others 1995; Lehre and others 1995; Schmitt and others 1997) , antibodies against S100β also label oligodendrocytes, NG2 glial cells, and even neurons (Vives and others 2003; Deloulme and others 2004; Hachem and others 2005; Steiner and others 2007; Goncalves and others 2008) .
A significant problem that remains with the current set of immunohistochemical markers is that there are no reliable markers for different types of astrocytes. Therefore, in many cases, it is unknown whether the behavior of an astrocyte is a general property of all astrocytes or of a particular type. Perhaps an analysis on the transcriptome of astrocytes from different brain regions will reveal more selective molecular markers.
Single Cell Dye Injections
Fluorescent indicators can be loaded into individual astrocytes using sharp microelectrodes or patch pipettes. Because of the small diameter of sharp electrodes, iontophoresis, the ejection of a substance by the application of current, is required. Single cell dye injection approaches are technically demanding and time consuming, and only a small number of astrocytes can be labeled at any one time. The primary advantage is that the entire morphology of the astrocyte can be visualized, even the finest of processes. Either live or lightly fixed tissue can be used for these experiments. Compounds used to load the astrocytes either fill the cytoplasm or stain the lipophilic plasma membrane; these include lucifer yellow, carbocyanine dyes such as DiI or DiO, biocytin, neurobiotin and dextrancoupled fluororescein, or rhodamine isothiocyanate. Using various combinations of dyes, neighboring astrocytes can be labeled in different colors.
Particle-Mediated Dye Transfer
Populations of astrocytes can be labeled in slice preparations of nervous tissue by particle-mediated ballistic delivery of lipophilic carbocyanine dyes such as DiI, DiO, and DiD ("DiOlistic" labeling) (Gan and others 2000; Benediktsson and others 2005) . The basic principle is to shoot gold or tungsten particles coated with the lipophilic dyes into the tissue, which then penetrate the cells. The force for the particle acceleration comes from highpressure helium. This technique is similar to that used for gene transfection (Lo and others 1994) . Using carbocynanine dyes, the labeling involves passive dye transfer and diffusion along the cell membrane, revealing the entire morphology of the astrocyte. Living or fixed tissue can be labeled rapidly by many different colors at low or very high densities.
(continued)
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Transgenic Mice
Transgenic mice have been developed in which proteins found in astrocytes (e.g., GFAP, nestin, S100β) are used to target reporter molecules such as GFP. Recent studies have performed large-scale genetic analysis on the astrocyte transcriptome to identify molecules that are particularly abundant in astrocytes and thus differentiate them from other glia and neurons (Lovatt and others 2007; Cahoy and others 2008) . Such studies have revealed molecular markers that may better label a greater proportion of the astrocyte population compared to GFAP. One candidate is the protein Aldh1L1 (Cahoy and others 2008) . Table 1 shows some of the transgenic mouse strains available that have GFP-expressing astrocytes.
Dye-filling individual astrocytes with lucifer yellow shows the many fine processes that are not visualized by labeling with a GFAP antibody. GFAP-containing intermediate filaments are abundant in the main processes of the astrocyte but not detectable in the fine and terminal processes. Scale bar = 20 µm. Adapted from Wilhelmsson and others (2004) . Zhuo and others (1997) Human GFAP hGFP-S65T Suzuki and others (2003) Mouse GFAP EGFP Livet and others (2007) Stochastic Various Yamaguchi and others (2000) Rat nestin EGFP Vives and others (2003) Mouse S100β EGFP Heintz (2004) ; Doyle and others (2008) BAC-Aldh1L1 EGFP Regan and others (2007) BAC-GLT1 EGFP Astrocytes show heterogenous expression of many ion channels and neurotransmitter receptors, similiar to neurons. These differences create diversity in their electrophysiological responses (membrane potential and conductance) and Ca 2+ dynamics (Parpura and Haydon 2009) . Although astrocytes have not been traditionally classified based on their physiological properties, several studies have described electrophysiologically "complex" and "passive" astrocytes (Müller and others 1992; Steinhäuser and others 1992; Chvatal and others 1995; Pastor and others 1995) . Astrocytes also differ in their expression of gap junctions and the extent of coupling (Lee and others 1994; Blomstrand and others 1999) , and the connectivity of astrocytic networks is highly specific (Sul and others 2004; Houades and others 2008) . These differences have been reported for astrocytes in different brain regions as well as for astrocytes within the same brain region. Recent studies have begun to suggest that heterogeneous populations of protoplasmic astrocytes may exist within hippocampal CA1 (Jabs and others 1997; D'Ambrosio and others 1998; Walz and Lang 1998; Walz 2000) .
Box 1. (continued)
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The Neuroscientist 18 (6) Besides the well-studied difference in function between protoplasmic and fibrous astrocytes, it is unknown whether all astrocytes possess the same functional capabilities. Are there subtypes with distinct functions? For example, different populations of astrocytes differ in their ability to take up extracellular glutamate; some astrocytes from the hypothalamus lack glutamate uptake currents (Drejer and others 1982; Israel and others 2003) . Cultured astrocytes from different brain regions have different capacities in stimulating neurite growth and branching (Denis-Donini and others 1984; Garcia-Abreu and others 1995). They also differ in their permissivity to neuronal migration. Astrocytes in the respiratory nuclei of the brain stem have a specialized ability to sense pH changes and can control breathing through pH-dependent ATP release (Gourine and others 2010). Radial glia-like cells exist in the subependymal zone at the lateral wall of the lateral ventricle and in the dentate gyrus of the hippocampus that can act as stem cells (Robel and others 2011) .
What is the relevance of these differences to human disease? Yeh and others (2009) suggested that regional molecular heterogeneity of astrocytes may underlie the predominance of tumors in children to be found in certain brain locations. Two thirds of brain tumors in individuals with neurofibromatosis type 1 (NF1) arise in the optic pathway. They found that expression of the brain tumor suppressor gene NF1 was decreased in neocortical astrocytes relative to other brain regions. This correlated with increased cell proliferation in the optic nerve, but not neocortex, following NF1 inactivation in vitro and in vivo.
It is very important to remember that GFAP labeling gives an incomplete view of an astrocyte. With the introduction of single cell dye injections, particle-mediated dye transfer, and transgenic mice (Box 1), the complete morphology of individual astrocytes and their spatial organization can be better studied. These techniques reveal an immense diversity in the morphology of astrocytes that was not apparent with GFAP labeling. For example, protoplasmic and fibrous astrocytes may appear quite similiar upon GFAP labeling (compare Fig. 1A with 1C) but are distinctly different when their full morphology is visualized ( Fig. 2A ).
Protoplasmic Astrocytes
Protoplasmic astrocytes are the most abundant astrocyte population in the gray matter and the best studied in terms of their morphology and organization. They are bushy or spongiform in nature with approximately 5 to 10 primary processes that spread more or less radially from the soma. From these processes, very dense ramifications of fine processes extend to enwrap synaptic connections and impart a distinct boundary to the spatial territory of each astrocyte (Kosaka and Hama 1986; Bushong and others 2002; Ogata and Kosaka 2002; Wilhelmsson and others 2006; others 2008, 2009) (Fig. 2B ). At least one of the processes contacts blood vessels via perivascular endfeet. Although protoplasmic astrocytes typically occupy a spherical region of neuropil (e.g., in the cortex), their morphology can vary slightly between various gray matter regions. For example, astrocytes in CA1 stratum radiatum are fusiform in shape, with their long axis oriented parallel to the descending apical dendrites of CA1 pyramidal cells (Bushong and others 2002) (Fig. 2C ).
The volume of neuropil an astrocyte occupies in the rodent brain has been reported to range from 14,700 to 22,906 µm 3 in the cortex to 65,900 to 85,300 µm 3 in the hippocampus (Bushong and others 2002; Ogata and Kosaka 2002; Chvatal and others 2007; Halassa and others 2007) . The size of protoplasmic astrocytes in different species has so far been found to parallel the increase in complexity of higher brain functions (e.g., humans v. nonhuman primates v. rodents). Human protoplasmic astrocytes are 2.55-fold larger in diameter and have processes that are 2.6-fold longer, 1.3-fold thicker, and 10-fold more GFAP immunoreactive than rodent protoplasmic astrocytes (compare Fig. 2D with Fig. 1A ; Table 2 ). These dimensions result in a 16.5-fold increase in astrocytic volume others 2008, 2009 ). Protoplasmic astrocytes in nonhuman primates manifest an intermediate phenotype between rodents and humans: they are smaller and less complex than human astrocytes but larger and more complicated than those seen in rodents.
Protoplasmic Astrocytes Are Organized in Nonoverlapping Spatial Domains, Whereas Fibrous Astrocytes Are Not
The spatial organization of protoplasmic astrocytes has been primarily studied in the cortex and hippocampus. Using single cell dye injections to label astrocytes, numerous studies show that neighboring protoplasmic astrocytes tile in nonoverlapping spatial domains, with very limited overlap of neighboring processes (Bushong and others 2002; Ogata and Kosaka 2002; Wilhelmsson and others 2006; Halassa and others 2007) (Fig. 2E ). This organization is proposed to be brought about by contact spacing (Chan-Ling and Stone 1991; Tout and others 1993; Bushong and others 2002) . Such an arrangement is established in the early postnatal period in parallel with neuronal and vascular territories. The fact that these domains are most clearly defined in areas of high synaptic density, such as the cortex and hippocampus, suggests that this organization might be important for astrocytes to modulate synaptic transmission. In the rodent cortex, one astrocyte domain can encompass 4 to 8 neuronal somata, A diagram illustrating the concept of functional synaptic islands. A group of dendrites from several neurons are enwrapped by a single astrocyte. Synapses within the territory of this astrocyte have the potential to be modulated in a coordinated manner by gliotransmitters released from this astrocyte. (G) A diagram showing the domains of three astrocytes. A single neuron may extend its processes into the domain of another astrocyte, pointing to the potential of different neuronal compartments being modulated by different astrocytes. Panels B and E adapted from Wilhelmsson and others (2006) . Panel C adapted from Oberheim and others (2009) . Panel D adapted from Bushong and others (2002) . Panels F and G adapted from Halassa and others (2007) . others (2008, 2009 ).
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The Neuroscientist 18 (6) 300 to 600 dendrites, and approximately 140,000 synapes (~2,000,000 synapes in human brain) (Bushong and others 2002; Oberheim and others 2006; Halassa and others 2007) . Based on this organization, a single domain may represent a functional unit, whereby the synapses, blood vessels, and neurons within are under the control of a single astrocyte. Such synaptic modulation could be independent of and in addition to neuronal networking. An astrocyte has the potential to coordinate small clusters of neurons if signals are propagated directly between an astrocyte and neuronal cell bodies (e.g., glutamate/ATP release) (Angulo and others 2004; Fellin and others 2004; Kozlov and others 2006) , whereas when signals are transmitted from the processes of astrocytes to dendrites/ spines/synapses, one astrocyte has the potential to modulate the function of hundreds of neurons with spatially dispersed somata ( Fig. 2F ). There is an additional layer of organization. The processes of a single neuron can extend into the domain of several astrocytes, and thus, different compartments of the neuron can be affected by different astrocytes (Fig. 2G ). Elucidating the domain organization has provided a structural basis for the functional interaction between neurons and astrocytes. However, the functional significance of this organization or the consequences of its loss following injury or disease remains to be fully understood.
Fibrous Astrocytes
Fibrous astrocytes are morphologically distinct from protoplasmic astrocytes. They are less complex and have fewer GFAP immunoreactive processes (Fig. 1C ). They reside in white matter fiber tracts such as the spinal cord, corpus callosum, retinal nerve fiber layer, and optic nerve. Their somas are often evenly spaced and arranged in rows between the axon bundles. This spacing is likely attributable to the structural support they provide for the axon tracts. They have thick primary processes oriented in parallel to the axons and are much longer than protoplasmic astrocytes; some can be up to 300 µm long (in the optic nerve, they may extend 200-500 µm long) (Fig. 3A) . These processes have none of the numerous fine processes making up the spongiform appearance characteristic of protoplasmic astrocytes. The primary processes can be smooth, rough, straight, or undulating (Sun and others 2009) . They vary in the degree of higher order branching, with some showing many short fine offshoots ( Fig. compare 3A and 3B) . In most cases, the bulbous endfeet of a primary process establishes several perivascular and/or subpial contacts. These astrocytes send numerous finger-like outgrowths (perinodal processes) that contact axons at nodes of Ranvier (Raine 1984; Waxman and Black 1984; Butt and others 1994c) .
Human fibrous astrocytes are larger than those of mice, with an average GFAP-defined domain diameter of 183.2 ± 6.1 µm compared to 85.6 ± 2.7 µm in mice (Oberheim and others 2009) (compare Fig. 1C with Fig. 3F and 3G ).
Fibrous astrocytes show much greater variation in morphology both between and within the same CNS structures than protoplasmic astrocytes. For example, fibrous astrocytes in the rodent optic nerve have three dominant forms based on the orientation of their primary processes with respect to the long axis of the nerve: random, transverse, and longitudinal forms others 1994a, 1994b; Sun and others 2009) (Fig. 3A-3D ). Astrocytes within the unmyelinated optic nerve head region are only of the transverse form (Fig. 3E) . The transversely and longitudinally oriented astrocytes may represent extreme variants of the random form others 1994a, 1994b; Sun and others 2009) . It is unknown whether these morphologically distinct forms have different functional/molecular differences, such as reported for gray matter astrocytes in the hippocampus and oligodendrocyte precursor glial cells (Steinhaüser and others 1992; Zhou and Kimelberg 2001; Bachoo and others 2004; Wallraff and others 2004; Karadottir and others 2008) .
Fibrous astrocytes do not occupy individual spatial domains (Fig. 3H ). They occupy a variable volume of neuropil, and the processes of neighboring astrocytes overlap extensively. This may relate to their presence in axonal fiber tracts rather than being in synapse-containing neuropil. This supports the idea that these astrocytes have an important supporting or metabolic role rather than modulating neuronal function.
Remodeling of Astrocytes in the Normal (Uninjured) CNS
Astrocytes play a role in the maintenance of the extracellular concentration of neuroactive substances and the volume of extracellular space. All transmembrane ionic shifts (e.g., Na + , K + , Ca 2+ , H + ) and membrane transport mechanisms such as glutamate uptake are followed by water movement. Fluctuations in the level of extracellular neurotransmitters or ions during neuronal activity or pathology can thus activate astrocyte regulatory volume changes, resulting in the shrinkage or swelling of astrocytes (Sykova 2004; Chvatal and others 2007; Benesova and others 2009; Risher and others 2009 ). These changes are reviewed below in the section "Reactive Astrocytes."
At the ultrastructural level, the processes of astrocytes in physiological conditions continously modify their association with dendritic spines and synapses. This morphological remodeling occurs over minutes and consists of gliding of thin lamellipodia-like processes as well as process extension and retraction (Hirrlinger and others 2004; Haber and others 2006) . Many of these spine-astrocyte interactions are transient. Approximately 57% of hippocampal synapses are juxtaposed with astrocytic processes at any given time (Ventura and Harris 1999) . Remarkably, the processes of astrocytes are more motile than their dendritic spine counterparts.
Process remodeling has also been linked to synaptic activity and behavior. For example, long-term potentiation increases the surface area of the astrocyte process enwrapping a synapse and the number of synapses receiving astrocyte coverage (Lushnikova and others 2009) . Similiar changes are found in electron microscopy studies of the visual cortex of rats raised in a complex environment (Jones and Greenough 1996; Soffie and others 1999) and in the somatosensory cortex of mice subjected to 24 hours of whisker stimulation (Genoud and others 2006) .
Naturally occuring changes in the processes of astrocytes and dendrites also occur during the estrous cycle.
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The Neuroscientist 18 (6) Dendritic spine density is increased on pyramidal cells (Woolley and others 1990) , whereas astrocyte volume becomes lower in area CA1 of the hippocampus during proestrus, a time when estrogen levels peak during the reproductive cycle (Garcia-Segura and others 1994; Klintsova and others 1995; Viola and others 2009) . Astrocytes also display a structural response to glutamate by increasing the number of surface filapodia (Cornell-Bell and others 1990). Astrocytes modulate synaptic efficacy of magnocellular neurons of the supraoptic nucleus of the hypothalamus by extending and retracting their processes. This remodeling occurs during lactation, pregnancy, and episodes of dehydration and coincides with differential neuronal firing patterns (Panatier and Oliet 2006) .
The remodeling of processes may serve several functions: it may regulate the positioning of key molecules (e.g., glutamate transporters) that actively control the properties of the synaptic microenvironment (Huang and Bergles 2004) . This would control the degree of glutamate spillover onto neighboring synapses and modify heterosynaptic plasticity (Kullmann and Asztely 1998) . This is in addition to the ability of astrocytes to partition the extracellular space and influence the diffusion of neuroactive substances (Sykova 2004) . The positioning and morphological rearrangement of processes may also serve to correctly place the glial machinery for vesicularmediated release of glutamate, ATP, and D-serine in response to synaptic activity (Bezzi and others 2004; Zhang and others 2004; Mothet and others 2005; Pascual and others 2005) . In addition, the motility can directly shape the neuronal environment. Localized expression of the glycosylphosphatidylinositol (GPI)-anchored glycoprotein ephrin-A3 on astrocyte processes at synapses activates the neighboring tyrosine kinase receptor EphA4 on dendritic spines, thereby stabilizing their structure (Murai and others 2003) .
Morphological Changes of Individual Reactive Astrocytes
Despite the long-standing recognition that astrocytes have the potential to undergo reactive changes, and in spite of their ubiqutious presence at sites of CNS pathology, we still know very little about their behavior in general and even less in specific diseases. We have no consensus on a definition or model of what reactivity is. What set of characteristics distinguish a reactive astrocyte from a normal astrocyte? Is the up-regulation of GFAP and hypertrophy alone sufficient to consider an astrocyte reactive? Early characterizations of the reactive phenotype were derived from morphological work based on labeling with GFAP, so we still do not know what an individual reactive astrocyte looks like, how a population forms the glial scar, and whether these morphological changes are reversible. The molecular triggers, modulators, and signaling pathways involved in astrocyte reactivity are reviewed elsewhere (Ridet and others 1997; Logan and Berry 2002; Sofroniew 2009; Buffo and others 2010; Kang and Hebert 2011) . Here, we review the morphological changes of individual reactive astrocytes, first from studies using GFAP labeling and then from studies that visualize astrocytes in their entirety. We then discuss how reactive astrocytes as a population reorganize to form the glial scar.
GFAP Labeling
The up-regulation of intermediate filament proteins, in particular GFAP and vimentin, by reactive astrocytes is perhaps the best known hallmark of reactivity. This is accompanied by the characteristic hypertrophy of the cell body and processes. These changes have been observed following many types of injuries, including mechanical trauma, ischemia/hypoxia, inflammation, neurodegeneration, and in virtually all locations throughout the CNS (Eng and others 2000; Pekny and Nilsson 2005; Sofroniew and Vinters 2010; Middeldorp and Hol 2011) ( Fig. 4A and 4B) .
Here, we focus on recent studies that have performed morphometric analysis on GFAP labeling, measuring the total diameter of labeled astrocytes, the length of the longest process, the diameter of the thickest process, and the number of main processes emanating from the soma (Wilhelmsson and others 2004; others 2008, 2009 ; Rodriguez and others 2009; Sun and others 2010). From these quantifications, the universal characteristic of reactivity is the hypertrophy of the cell body and processes. The other morphometric parameters, which primarily relate to the processes, change depending on many factors such as the type of insult, its severity, and the location of the astrocyte in relation to the core of the lesion.
Protoplasmic and fibrous astrocytes respond to mechanical trauma by thickening their cell body and processes. In the cortex and hippocampus, the thickness and length of GFAP-labeled processes increase by up to two-fold (Wilhelmsson and others 2004) . In an optic nerve crush model, there was a peak 0.5-fold increase in the thickness of processes at 3 and 7 days postcrush, which then returned to normal levels by 2 weeks (Sun and others 2010) . Intermediate filaments are important in developing the reactive morphological changes. Reactive astrocytes devoid of both GFAP and vimentin (GFAP -/-Vim -/-), but not GFAP (GFAP -/-) or vimentin (Vim -/-) alone, show very limited hypertrophy of the cell body and processes (Pekny and others 1999; Wilhelmsson and others 2004). The reaction of astrocytes to insult is spatially distinct. Reactive astrocytes immediately adjacent to a lesion have processes that overlap extensively and interdigitate, forming a distinct boundary around the lesion. Scale bar = 8 µm. (H) A typical transverse oriented fibrous astrocyte from the rat optic nerve. (I) Reactive fibrous astrocytes remodel differently from protoplasmic astrocytes. Unlike protoplasmic astrocytes, astrocytes in the myelinated optic nerve show a reduction in the number of processes and branchings, a thickening of remaining processes, and a withdrawal of radial processes ending at the glia limitans. This reduces the overall complexity of the branching structure. Scale bar = 50 µm. Panels A to D and F adapted from Wilhelmsson and others (2006) . Panel E adapted from Sullivan and others (2010) . Panel G adapted from Sofroniew (2009) . Panels H and I adapted from Butt and Colquhoun (1996) .
Reactive cortical astrocytes in models of epilepsy and Alzheimer disease increase the expression of GFAP, but only in epilepsy do the parameters of the processes change (Oberheim and others 2008) . Epilepsy causes a 2-to 2.5-fold increase in the thickness and length of the longest process, lasting for the duration of the study
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The Neuroscientist 18(6) (6 months). However, the number of GFAP-positive processes remain constant. In another study of Alzheimer disease, Rodriguez and others (2009) found that reactive astrocytes atrophied, reducing the number of processes and overall decreasing both the surface area and volume of GFAP-labeled structures. This effect was observed for astrocytes positioned away from the amyloid plaques. Astrocytes directly surrounding amyloid plaques display the typical reactive characteristics.
Caution must be taken in intepreting results from studies that use GFAP to label reactive astrocytes. GFAP does not reveal the true morphology of an astrocyte, and many astrocytes do not express GFAP at immunohistochemically detectable levels. For example, the elongation of GFAP-labeled processes seen when a protoplasmic astrocyte becomes reactive appears to increase the volume of neuropil an astrocyte occupies. Using single cell dye injection, Wilhelmsson and others (2006) demonstrated that, at least after mechanical trauma, this is not the case (see section "The Spatial Organization of Reactive Protoplasmic Astrocytes Following Injury and Disease"). In addition, there has been a tendency to overestimate the contribution of astrocyte proliferation in the reactive process. The up-regulation in GFAP and hypertrophy can lead to the false impression of an increase in astrocyte numbers because more astrocytes are immunohistochemically detectable and the large astrocytes seem more densely packed (Sofroniew and Vinters 2010) .
Although it has been known for a long time that astrocytes change shape following injury, only recently has their shape been fully reconstructed in three dimensions and the morphological changes quantified. Many of these studies assess protoplasmic astrocytes of the cortex or hippocampus. Less is known about the behavior of fibrous astrocytes in the white matter.
The reaction of astrocytes to insult is spatially distinct: astrocytes adjacent to the core of a lesion react differently from those further away. This difference applies to both the morphological and functional reaction. For example, one factor that determines whether reactive protoplasmic astrocytes maintain their nonoverlapping spatial domain appears to be the location (see below). Also, during the initial response to insult, a reactive astrocyte adjacent to the core of a lesion may have a beneficial role in preventing degeneration of surrounding tissue, whereas one at a more distant location may have a deleterious effect.
Reactive Protoplasmic Astrocytes
By dye filling individual astrocytes, Wilhelmsson and others (2006) visualized the entire morphology of reactive protoplasmic astrocytes following two types of injury: deafferentation of the dentate gyrus, and an electricalinduced lesion of the cerebral cortex. The former induces reactivity of astrocytes that is not directly affected by the trauma, whereas in the cortical lesion, reactive astrocytes 200 to 800 µm from the injury border were examined. Four days after these lesions, astrocytes showed hypertrophy of the cell body and processes and an increase in both the number of primary processes leaving the soma (hippocampus, 6.1 v. 5.2; cortex, 6.2 v. 5.1) as well as the number of main processes visible 15 to 25 µm from the soma (hippocampus, 3.1 v. 2.1; cortex, 6.6 v. 3.4) . These changes increase the density of processes filling the volume of neuropil occupied by the astrocyte (Fig. 4C and  4D) . In other words, these astrocytes become bushier. How long these changes persist or whether they are permanent are unknown.
In contrast, a global ischemic/hypoxic insult induces a different morphological change in cortical astrocytes. Sullivan and others (2010) tracked the remodeling that occurs with increasing insult in the pig cortex. In mild cases, the primary processes become shorter and thicker while maintaining its fine branching pattern (Fig. 4E ). As the insult increases, there is a reduction in the complexity of the branchings, the processes become shorter and thicker and begin to develop bulb-like swellings along their length and at the terminals. In severely damaged cortex, the processes of astrocytes become dramatically reduced in length (Fig. 4E) . These changes were observed at 8 and 72 hours postinsult.
The complete morphology of cortical astrocytes has also been studied when the extracellular environment is perturbed, such as following various degrees of hypotonic stress, elevations in [K + ] o , dehydration, overhydration, and ischemia/reperfusion. Such perturbations may follow subtle physiological fluctuations or result from pathology. In most of these cases, there is an increase in the total volume of the astrocyte, except for dehydration, which resulted in shrinkage. Interestingly, the astrocyte population could be segregated according to whether they showed a large volume increase (highresponse astrocytes) or a small volume increase (lowresponse astrocytes). Much of this change is largely accounted for by an increase in the volume of processes rather than the cell body. This highlights the importance of visualizing the processes completely and not relying on GFAP labeling. Despite the overall volume increase, the morphology of different compartments within an individual astrocyte changed in complex ways, including swelling, shrinking, and structural rearrangement (Chvatal and others 2007; Benesova and others 2009; Risher and others 2009). Different compartments of an astrocyte may regulate their own volume (Allansson and others 1999) . These volume changes were not seen to affect the overall spatial territory of the astrocyte. In most cases, the morphology returned to normal once the stimulus was removed.
The Spatial Domain Organization of Reactive Protoplasmic Astrocytes Following Injury and Disease
Normal protoplasmic astrocytes in the cortex and hippocampus tile in nonoverlapping spatial domains. Following injury, some studies have suggested that they maintain their nonoverlapping organization (Wilhelmsson and others 2006) , while others have reported an overlap (Oberheim and others 2009; Sofroniew 2009 ).
In studying reactivity following deafferentation (a model of indirect trauma) and direct mechanical lesion (astrocytes 200-800 µm from the lesion were examined), Wilhelmsson and others (2006) found that in both instances, reactive astrocytes maintained their nonoverlapping spatial domains. They continue to maintain very little overlap of neighboring processes, and the volume of neuropil they occupy remains the same (Fig. 4F ). However, when initially visualized by antibodies against GFAP, these thicker processes appeared longer because they could be followed over a greater distance. Therefore, it was thought that the size of the astrocyte domain enlarged. In fact, the hypertrophy of the processes does not affect the volume of the domain because the growth occurs within the confines of a domain.
In contrast, studies from the Sofroniew laboratory, which also used models of mechanical trauma, show that protoplasmic astrocytes immediately adjacent to the lesion (<100 µm) have processes that overlap extensively and interdigitate, forming a distinct boundary around the lesion (Bush and others 1999; Sofroniew 2009) (Fig. 4G) . This difference may be due to the distance of the astrocytes examined from the lesion core (see section "The Morphological Appearance of the Glial Scar: Are the Changes Reversible?").
A nonoverlapping domain organization is also preserved in a mouse model of Alzheimer disease but not in epilepsy. One week after an intracortical injection of ferrous chloride to simulate epilepsy, astrocytes directly adjacent to the area of injection (<200 µm), and those further from the injury epicenter (200-1000 µm), show a loss of their domain organization. There was a chronic increase in the volume of neuropil occupied by the astrocyte and a 8-to 15-fold increase in the overlap of neighboring processes (Castiglioni and others 1990; Oberheim and others 2008) . Supression of the epileptic seizures using an antiepileptic drug can reduce the morphological changes of individual astrocytes and restore the nonoverlapping domain organization.
Reactive Fibrous Astrocytes
Detailed studies on the morphological changes of reactive fibrous astrocytes have been best performed in the optic nerves of rodents. A significant finding is that reactive fibrous astrocytes remodel very differently to protoplasmic astrocytes following a mechanical injury. In a transection of the optic nerve of immature rats, Butt and Colquhoun (1996) found that hypertrophy of the cell body and processes was the major response to enucleation. However, unlike protoplasmic astrocytes, astrocytes in the myelinated optic nerve showed a reduction in the number of processes and branchings, a thickening of remaining processes, and a withdrawal of radial processes ending at the glia limitans ( Fig. 4H and 4I) . These changes reduce the overall complexity of the branching structure.
There is a similiar pattern of remodeling following an optic nerve crush (Sun and others 2010) . Three days postcrush, reactive astrocytes at the unmyelinated nerve head demonstrate striking morphological changes. There was hypertrophy of the cell bodies and processes, retraction of primary processes (a reduction in the number of processes and branching), and a loss of their transverse orientation ( Fig. 5A-E') . Many fine processes, especially those that emanate directly from the soma, were lost. Quantitatively, the processes of these astrocytes thickened nearly two-fold and the number of primary processes leaving the soma halved. Due to the retraction of the processes, the spatial coverage of an individual reactive astrocyte diminished almost eight-fold to approximately 5% of the total surface area of the optic nerve head (Fig. 5C ). This pattern of change was similiarly observed for reactive astrocytes in the myelinated optic nerve ( Fig.  5F and 5H ) and in a white matter region of the brain, the corpus callosum (Sun and others 2010) ( Fig. 5G and 5I ). Normal fibrous astrocytes overlap extensively in their spatial domain and continue to do so when reactive.
These results demonstrate that fibrous astrocytes react differently from protoplasmic astrocytes following mechanical injury. Fibrous astrocytes retract and simplify their processes, whereas protoplasmic astrocytes increase the number of processes and branches, giving an overall bushier appearance (Fig. 6) . The main common feature is the hypertrophy of the cell bodies and processes.
Are Changes in the Morphology of Individual Astrocytes Reversible? Fibrous Astrocytes Show a Two-Stage Remodeling Process
Whether astrocytes revert back to their normal morphology and organization following insult and how long they may take to do so are unclear. Moreover, the extent to which various molecular changes resolve or persist is not well known. Sofroniew (2009) suggests that mild and (E-E') They retract their primary and higher order processes. The shortening of processes reduces the spatial coverage of individual astrocytes. (F) Longitudinally oriented astrocytes in the myelinated optic nerve were hairy in appearance, with many small fine processes projecting from the primary processes. (G) Astrocytes in the corpus callosum were similar in appearance to those in the myelinated optic nerve. Their main processes run in parallel to the nerve fibers. (H, I) Three days after crush, these astrocytes showed changes similar to those for reactive astrocytes in the optic nerve head: hypertrophy of the soma and remaining processes and retraction of their primary and higher order processes. The schematic in panels A, B, D, and E depicts how the optic nerve was sectioned (gray bars). The double-headed arrow in some panels indicates the direction of the long axis of the optic nerve. Scale bar in all panels = 20 µm. All panels adapted from Sun and others (2010) . moderate forms of reactive astrogliosis have the potential for resolution if the triggering mechanism has resolved. Where there is extreme activation of astrocytes in response to overt tissue damage and inflammation, reactive astrocytes form a scar; the morphological changes are long lasting and may persist long after the triggering insult is removed. In general, few studies have assessed the recovery of the astrocyte morphology and organization in the long term (e.g., >2 months). Myer and others (2006) demonstrated that an upregulation in the expression of GFAP and hypertrophy can persist up to 28 days after a moderate cortical injury. Interestingly, there was preservation of NeuN-positive neurons and the surrounding cytoarchitecture. In an animal model of epilepsy, administration of the antiepileptic drug valproate reversed the morphological changes of individual astrocytes and the overlap of processes between adjacent reactive astrocytes (Oberheim and 582 The Neuroscientist 18(6) others 2008). A recovery in the morphology of astrocytes has also been observed 2 weeks after an optic nerve crush. The length of the processes increased compared to earlier time points after the crush, the hypertrophy of the processes was reduced, and the number of primary processes leaving the soma increased (compare Fig. 5D-5E ' with Fig. 7A-7B') . This recovery continues for at least 1 month after crush.
This overall pattern of process retraction and thickening followed by re-extension was also observed for fibrous astrocytes in the myelinated portion of the optic nerve and the corpus callosum following injury (Sun and others 2010) . Butt and Colquhoun (1996) reported a similiar remodeling process following an optic nerve transection in the rat. Individual fibrous astrocytes therefore undergo a two-stage remodeling process (Fig. 7C) . It is unknown why fibrous astrocytes would react in such a way. The shortening of processes would be expected to cause a loss of gap junctional coupling, a detachment of their endfeet from the pial wall and blood vessels, and of processes that might be associated with surviving axons.
The Morphological Appearance of the Glial Scar: Are the Changes Reversible?
The appearance and phases of the glial scar are best studied in models of spinal cord injury, penetrating brain injury and optic nerve crush. These have thus been adopted as the prototypical penetrating injury for documenting scarring in the CNS. Based upon GFAP labeling, characteristic reactive changes in astrocytes surrounding a penetrating lesion occur by 3 to 7 days postinjury. These astrocytes continually repair and contract the lesion area until 2 weeks postinjury, at which time a glial scar is formed (Logan and Berry 2002; Okada and others 2006; Herrmann and others 2008) . In models of spinal cord injury, functional recovery parallels the structural remodeling, in that there is continual motor improvement up until 2 weeks when the glial scar forms and improvement plateaus (Okada and others 2006) . Loss-of-function studies have characterized the reactive response as having two phases: the first 2 weeks postinjury represents a subacute phase, a time when reactive astrocytes repair tissue and restore function (Sofroniew and Vinters 2010) , whereas in the chronic phase of injury (>2 weeks), reactive astrocytes impair axonal regeneration by forming a physical and chemical barrier (Okada and others 2006) .
How does a population of reactive astrocytes remodel to form the glial scar? An important characteristic of scar formation is that astrocytes directly adjacent to the lesion site respond differently from those at more distant locations ( Fig. 7D and 7E ). Oberheim and others (2009) demonstrated two morphologically distinct types of reactive astrocytes forming the glial scar and surrounding the injury site. Astrocytes directly adjacent to the area of injection (<200 µm) have processes arranged in a radial pattern around the core, effectively forming a physical barrier separating the lesion from the surrounding cortical tissue. These "palisading" astrocytes have processes that are mainly straight and lack the profuse and delicate ramifications of normal protoplasmic astrocytes in the cortex (Fig.  7E) . The processes of neighboring palisading astrocytes overlap extensively, and thus, the astrocytes exhibit a loss of individual domains. Astrocytes further from the injury epicenter (200-1000 µm) were termed hypertrophic (Fig.  7E ). These astrocytes demonstrate less pronounced changes in their morphology, appearing somewhat similar to normal protoplasmic astrocytes. When subjected to quantitative analysis, however, hypertrophic astrocytes showed thickening of processes and an overlap in their domains.
Work from the Sofroniew laboratory has also described this spatially distinct response after traumatic injury and inflammation in both gray (cortex/hippocampus) ( Fig.  7F ) and white matter (spinal cord) (Fig. 7G) . Reactive astrocytes within the lesion boundary zone (also found to be <200 µm) are densely packed and closely abutting with tightly interdigitating processes that form a continuous unbroken boundary around the core of the lesion others 2008, 2010; Sofroniew 2009) (Figs. 4G, 7F, and 7G) .
In summary, the loss of the discrete domains appears to be a characteristic of severe reactive astrogliosis in the gray matter and generally occurs at the border (<200 µm) of a persistent mature glial scar. Moving away from the epicenter of the lesion, astrocytes show less pronounced reactive changes. Normal fibrous astrocytes of the white matter overlap in their spatial domains and continue to do so when they form a glial scar.
The appearance of the glial scar has been well documented using GFAP labeling, but what a glial scar actually looks like remains unclear. Visualizing EGFP-expressing reactive astrocytes in the crushed optic nerve reveals a dramatic reorganization of the normal astrocytic architecture (Sun and others 2010) . This is particularly apparent in the optic nerve head because in normal animals, there is a distinct arrangement of the astrocytes (Sun and others 2009 ).
The processes of astrocytes in the normal optic nerve head form glial tubes through which the ganglion cell axons travel, giving the glial architecture within this region a honeycomb appearance. This can be seen upon labeling with GFAP ( Fig. 1B) and in the hGFAPpr-EGFP transgenic animal (Howell and others 2007; Sun and others 2009) (Fig. 5B ). These astrocytes also arrange themselves to form sheets aligned transversely across the nerve (Fig. 5A) . Three days postcrush, there is a dramatic Figure 7 . Reactive fibrous astrocytes from the optic nerve head of the hGFAPpr-EGFP mouse 2 weeks after nerve crush. Longitudinal (A) and transverse (B-B') sections show that by 2 weeks after nerve crush, the morphology of astrocytes has returned to a near normal appearance. There was thinning and re-extension of many of the processes compared to 3 days (see Fig. 5D -5E'), although they never recover their original length. The processes follow a tortuous path and do not form glial tubes. The schematic in A and B depicts how the optic nerve was sectioned (gray bars). Scale bar in panels A to B' = 20 µm. (C) Schematic representation of the two-stage remodeling process of reactive astrocytes within the glial lamina. Fibrous astrocytes initially respond by hypertrophy of the soma and proximal processes and retraction of the distal ones. This reduces their spatial domain and disrupts the organization of the glial tubes. By 2 weeks after crush, the processes have re-extended, and their thickness is reduced. (D) The site of injury after ferrous chloride injection. The center of the lesion (yellow asterisk) is surrounded by palisading astrocytes and, at a greater distance, by hypertrophic astrocytes. Scale bar = 100 µm. (E) High-power image of the border of an injury site. Palisading astrocytes directly adjacent to the lesion extend long processes oriented toward the lesion site (<200 µm). Their processes overlap extensively. Hypertrophic astrocytes (200-1000 µm) displayed less pronounced reactive changes, and their processes were not oriented towards the lesion site. Scale bar = 50 µm. Scale bar in top and bottom right panels = 10 µm. (F) The boundary zone in the gray matter (g.m.) of a spinal cord lesion showing the demarcation formed by an organized scar (black arrowhead). The processes of β-gal-stained astrocytes overlap extensively within 100 µm of the lesion. Scale bar = 30 µm. (G) A similar zone in the white matter (w.m.) of a spinal cord lesion. Here too, processes of neighboring astrocytes overlap. Scale bar = 30 µm. Panels A to C adapted from Sun and others (2010) . Panels D and E adapted from Oberheim and others (2008) . Panels F and G adapted from Herrmann and others (2008) .
remodeling of the glial architecture, consisting of a loss of the glial tubes and the overall honeycomb appearance ( Fig. 5D-Fig. 5E') . Many astrocytes lose their transverse orientation (Fig. 5D ). The individual astrocytes appear bulbous in shape, and there now exists a dense meshwork of disorganized processes (Fig. 5E ). Astrocytes fill in all the space within the optic nerve head. This spatial disorganization persists through to 7 days postcrush. By 2 weeks, there is recovery in the overall architecture of this region, and a dense glial scar is formed. There is partial re-extension of the astrocyte processes, and they are thinner. However, there is no recovery of the glial tube or honeycomb arrangement (Fig. 7B) .
What is the purpose of the glial scar? From a purely anatomical standpoint, the glial scar may provide beneficial structural support. In cases where there is a partial lesion, the scar may fill in the space devoid of axons and function as a scaffold, preventing the tissue from shrinking and causing damage to the surviving axons. On the other hand, the classic detrimental effect of the glial scar is the inhibition of axon regeneration. Traditionally thought to simply be a mechanical barrier, later studies demonstrated that the molecular composition of the scar and the production of inhibitory molecules by reactive astrocytes are contributing factors for regenerative failure (Yiu and He 2006; Fitch and Silver 2008; Sofroniew 2009) . In this example of the optic nerve head, once a scar is formed within this region, it is difficult to see how, if axons were to regenerate, they would reorganize to form bundles with a topographic relationship to the retina. It may be that the presence of axons is required for the astrocytes to arrange themselves in glial tubes and hence form the honeycomb-like structure.
Conclusion and Future Directions
Astrocytes are a diverse population of cells, differing across the CNS in their morphology, physiology, and function. Their importance is being discovered in protoplasmic and fibrous astrocytes, and future work will need to determine whether all astrocytes share the same characteristics. Visualizing the complete morphology of normal and reactive astrocytes has revealed their domain organization, demonstrated that not all astrocytes remodel in the same way, and shown the plasticity of remodeling (e.g., the two-stage remodeling of fibrous astrocytes). Revealing their structure has allowed a better understanding of how they interact with the surrounding neural elements.
But many questions remain. What is the functional purpose of remodeling? How long do the reactive morphological changes last, and do astrocytes regain their organization (e.g., reform the honeycomb arrangement in the optic nerve head, reconnect with blood vessels, form new gap junctions). What do astrocytes in a very old glial scar look like? For example, one that is 6 months old, or even several years, such as in patients with an old gliosis. If astrocytes continue to show an increased expression of GFAP in the long term (e.g., >6-12 months), should they still be considered "reactive," or have they achieved a new steady state? Myer and others (2006) showed that astrocytes can maintain high levels of GFAP for as long as 28 days postinjury while the surrounding neuronal cytoarchitecture is still preserved. Studies using cell type-specific gene deletion in transgenic animals that have GFP-expressing astrocytes may provide an approach to dissecting the molecular pathways involved in the reactive structural changes.
